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Despite its intellectual and philosophical significance, cosmology and general relativity (GR) remain
largely inaccessible to high-school physics teaching because of the advanced conceptual and mathematical
prerequisites to master these topics. Integrating them into upper secondary physics teaching, outside
specialized courses, poses a significant challenge that remains unresolved. While the strong rationale for
their inclusion in the curriculum is widely acknowledged, significant obstacles, both practical and
conceptual, hinder implementation. Moreover, empirical evidence on successful classroom and curriculum
integration of modern physics remains scarce. This contribution reports on an implementation study of a
GR and cosmology course developed for upper secondary school students as part of an educational project
launched during the centenary of GR in 2015 and tested ever since for several years. The course aimed to
expand students’ knowledge to include current physics topics while highlighting their foundations in areas
of classical physics such as Newtonian mechanics, electromagnetism, and waves. Targeted teaching and
learning materials are focused on conceptual and qualitative understanding, while systematically combined
with a mathematical treatment accessible at the upper secondary level, avoiding oversimplification. A key
element is an active learning approach, incorporating activities and tasks such as engaging applications
related to current research, reflective exercises, thought experiments, and hands-on tasks. The main
research objective was to explore whether a conceptually deep and educationally effective GR and
cosmology course could be successfully implemented for nonspecialist upper secondary students. A pre-
post study assessed both conceptual learning and affective outcomes, including interest, curiosity, self-
concept, and perceived relevance of science. Results showed encouraging gains in both learning and
motivation, with large to very large effect sizes for conceptual learning of core principles. Additionally, no
or small effects of predictors such as gender were observed. We conclude that the integration of GR and
cosmology into upper secondary physics teaching, in the form of courses and materials that are engaging,
comprehensible, and impactful, is feasible. This can enable learners in nonspecialist courses and with
diverse backgrounds to engage with these intellectually and educationally rich and stimulating topics.

DOI: 10.1103/ss9c-lkpj

I. INTRODUCTION

During the past century, numerous upheavals have
occurred in the scientific world. Particularly, the contribu-
tion of the theory of general relativity (GR) has not only led
to a revolution in our vision of the universe, but it has also
brought forth numerous epistemological and philosophical
questions that remain highly relevant today (see e.g. [1–4]).
The universe at large serves as the ultimate laboratory for
testing this emblematic theory, making cosmology the
domain of choice for this purpose. In this regard, modern

cosmology can be seen as the branch born from the
relativistic view of nature. Indeed, over the past century,
and especially in recent decades, significant observational
advancements have been pivotal in transforming cosmol-
ogy from an approximate branch of astrophysics into a
highly precise science, situated at the intersection of the
most advanced scientific knowledge and technologies [5].
Despite its intellectual and philosophical significance,

the knowledge related to cosmology and GR remains
inaccessible to the nonexperts and the general public,
mainly because of the level of mathematical and technical
expertise required to master those topics, and the integra-
tion of those disciplines into schools remains a signifi-
cant challenge that remains largely unresolved today.
Nevertheless, the educational importance of astrophysics,
and in particular cosmology, has been pointed out by
recent recommendations from the National Academies
of Sciences (USA) [6], highlighting “a clear benefit” by
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“capturing the public’s attention with discoveries (…),
promoting science literacy, and realizing advanced tech-
nologies that can then find real-world applications.” More
specifically, regarding secondary education, [6] emphasizes
astronomy education “as a broad gateway to STEM
careers” and highlights the potential of “embedding com-
putational training.” Indeed, many groundbreaking cosmol-
ogy observations have been made in the last decades or are
to be expected, such as by the LIGO interferometers, the
James Webb Space Telescope, the Euclid satellite (in
construction), and the LISA space interferometer and the
SKAO project (planned) [7]. These observations and others
are not only a reservoir of valuable data for fundamental
research but also an excellent opportunity to provide new
and fascinating teaching content in schools.
Consequently, the integration of GR and cosmology into

upper secondary physics teaching has been intensely
discussed, with strong rationale on the one side, but also
meeting considerable obstacles on the other. As Michelini
states in her recent review [8], empirical work and evidence
on successful classroom and curriculum integration of
modern physics are scarce. Therefore, this contribution
reports on an implementation study of cosmology and GR
in an upper secondary physics course for nonspecialists.
The next section will present the discussion and research in
this field more in detail.

II. RATIONALE AND RESEARCH BACKGROUND

A. The value of modern physics
in upper secondary education

Teaching about relativity and cosmology is part of the
larger perspective of integrating modern physics into
secondary school physics (i.e., International Standard
Classification of Education level 2.4.4 and 3.4.4; [9]).
The case for the educational value of modern physics1 has
been made for decades ([14,15], Sec. 1]), and Michelini [8]
eloquently summarizes the current state of affairs, as “one
of the main discussed content areas” in physics education,
in particular regarding research-based teaching approaches
on that matter.
One of the key arguments is its significance for the

scientific worldview and its profound impact on funda-
mental philosophical concepts ([16], ch. 21, [17], ch. 50.6,
[18], sect. 5]). As Levrini [19] states, modern physics
“introduced radical modifications in human thought that
every educated citizen should have at least heard of,”
making it an indispensable element of scientific literacy.

Moreover, modern physics can help to overcome a
“deformed vision of science” [20], providing motivation
through insight into authentic research, historical break-
throughs, and access to current developments. It thus can
add “a new quality to the curriculum, which urgently
needs transformation as the physics taught in schools
increasingly lags behind” [21]. In that sense, the imple-
mentation of modern physics in secondary schools is
strongly advocated by both physics researchers and
physics educators for areas such as quantum physics
(e.g., [22,23], sect. I: “Teaching/Learning Quantum
Physics”; [24]); relativity (both special and general, see
e.g., [25–28]); particle physics (e.g., [29–32]); astrophys-
ics and cosmology (e.g., [6,25,27,33,34] and references
therein); and other fields (e.g., [23] sect. 5; [21,35]).
Work, e.g., by Michelini [8] or the initiative IMPRESS
(International Modern Physics and Research in Education
Seminar Series, [36,37]) provides an overview of cur-
rent work.
However, as a pioneer of physics education reform

already deplored [38], the “sad fact” is that the very
abstract level of modern physics topics and “the remoteness
of their models from common experience make them
exceedingly difficult for laymen to grasp.” Of course,
the advanced mathematics needed is a particularly difficult
element of this deplored abstractness. Thus, for the imple-
mentation at school to work, one needs “productive forms
of complexity” [39]. Yet, as Michelini underlines in her
recent review [8], empirical studies and evidence regarding
the successful integration of modern physics into upper
secondary physics teaching are limited, and little is known
about how to achieve “productive forms of complexity”
within the practical constraints of a typical physics class-
room setting. In particular, there is an urgent need to avoid
limited approaches that provide no more than notions in an
informal or narrative way. As mentioned above, this work
presents a study on the implementation of cosmology
and GR in an upper secondary physics course designed
for nonspecialists. The following sections provide the
research background and specify the research objectives
of the study.

B. Effects on learning and motivation

From the learning perspective, results of large-scale
studies have shown that students after having taken courses
on modern physics significantly improve their learning,
including topics of classical physics such as Newtonian
mechanics or electromagnetism, because of the reactivation
of the necessary background in the application to the new
context (“cumulative learning” [40]). Stephen Weinberg
has provided a very nice example of this necessity of
classical underpinnings for the understanding of modern
physics in his popular book on elementary particle physics
[29]. Note, however, that other research points out how
excessive simplification, aimed at making topics of modern

1“Modern physics” is commonly understood ([10]; [11]) to start
with the advent of quantum mechanics and relativity at the
beginning of the 20th century, and it is put in contrast to classical
physics, fundamentally challenging several of its core concepts
and assumptions. Some researchers also include statistical phys-
ics based on the then recent evidence for the existence of atoms
[12] (p. 2) or extend the begin of modern physics the discovery of
x-rays in 1895 [13].
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physics more accessible, can also have negative effects on
students’ understanding [41].
Additionally, studies in science education also demon-

strate the interest of astronomy and cosmology in enhanc-
ing learners’ understanding of the nature of science and its
specifics (NOS). By NOS, we mean, in line with [42],
everything related to the role of hypotheses, observation,
experimentation, refutation, etc., which often synthesize
into the approach advocated by the “scientific method.”.
Regarding motivation, there is strong evidence indicat-

ing that among all scientific disciplines, astrophysics and
cosmology are perceived as among the most interesting by
young people, with this perception being equally shared
between girls and boys [43]. The gender issue has an
important role because, despite political efforts aimed at
change, the proportion of women pursuing careers in
science, technology, engineering, and mathematics
(STEM) fields, particularly in the “hard” sciences and
technical domains, remains consistently low across all
countries internationally [44]. This is true not only at the
academic level but also for math and physics options at
upper secondary II level (e.g., the percentage of women in
such courses in Switzerland is below 25% [45]).
In addition, addressing topics directly connected to the

academic research in physics allows students to
• Expand their knowledge to include current areas and
questions in physics that go beyond the traditional
upper secondary curriculum. Indeed, although secon-
dary school programs traditionally taught in other
scientific branches (such as biology or chemistry)
have evolved in response to recent advances and
incorporated developments from the past century or
decades, the latest progress in physics cannot be
taught without covering the basics—many of which
remain the same as they were a century ago. More-
over, these fundamentals (like Newtonian physics,
electromagnetism, or waves) form the basis of almost
all scientific and technological knowledge that serves
society today.

• Become aware of the role and robustness of the
physics they learn in basic courses. Although these
courses may not cover the most advanced theories,
they provide models with impressive accuracy for a
wide range of natural phenomena, from the molecular
scale to astrophysical scales.

For these reasons, we believe that this course can
positively influence students’ perception of the importance
of the physics course, both in terms of personal orientation
and within a broader societal context. Finally, we mention
how topics related to astrophysics, especially cosmology
and fundamental physics, have an inherent capacity to
evoke a range of sensations and emotions that have
resonated with humanity since ancient times. These emo-
tions encompass wonder, elevation, sublimity, and a sense
of apprehension. This emotional state, referred to as “awe,”

has been recently acknowledged for its potential to pos-
itively influence affective outcomes and, by extension,
learning outcomes ([46,47]). Besides, awe is typically
experienced by astronauts when they view the Earth from
space and is typically associated with what is known as the
“overview effect” [48]. This includes a heightened awareness
of the interconnectedness and vulnerability of our planet,
leading to a relativization of human-centric perspectives in
light of the immense scale of nature and fostering a humbler
perception of the scientific approach. More generally, cos-
mology and fundamental physics are fields that do not
exclusively emphasize the utilitarian practice of science
but rather reassess its philosophical and epistemological
aspects. This also amounts to highlighting the aesthetic and
poetic essence of science, more than its prevalent prosaic
character in our society ([49,50]). This appreciation of
scientific research is highly relevant in the current debate
regarding the role of science in a transitioning world.

C. Research questions

Given the international recognition of the importance of
teaching cosmology and GR, many initiatives have recently
emerged with the aim of introducing these disciplines into
secondary schools. In several countries, specific contents
have already been incorporated into the official curriculum,
notably in Austria, Estonia, Norway, and Sweden [51].
Moreover, the richness and potential benefits of achieving
even a conceptual and qualitative understanding of these
subjects have motivated educational projects in this direc-
tion, for instance, initiatives in Australia, Sweden [52],
Germany [53], and Italy [54]. However, as should be clear
from the research background presented above, the primary
limitation in introducing cosmology and GR into schools
remains that a rigorous treatment of these subjects demands
mathematical skills and knowledge that easily exceed the
typical curriculum at secondary school and even at early
university levels.
Regarding, in particular, the situation at the upper

secondary level, the necessary educational effort is notable
to produce fairly in-depth educational material without it
becoming technically inaccessible while still maintaining
the educational and cultural benefits of a deep enough and
global vision of these subjects. Very few such teaching
resources exist in the present day, despite the strong
rationale and the tangible demand for it as expounded
above. This study thus aims to contribute to the develop-
ment of such teaching resources and provide evidence
addressing the following research questions:
RQ1: To what extent is it possible to develop and deliver

a cosmology and GR course at the upper secondary school
level that is technically deep enough to fully exploit the
physical and philosophical potential of the target group?
RQ2: What is the impact of such a course on students

learning of cosmology and general relativity?
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RQ3: What is the impact of such a course on affective
variables such as interest, curiosity, self-concept, and
relevance of science?

III. DESCRIPTION OF THE INTERVENTION

The intervention of this study was based on a course of
cosmology and GR developed starting from an educational
project launched by the SwissMAP research hub [55] in
2015, on the occasion of the centenary of GR. The funding
for this project continued until 2017, thereby enabling the
creation of teaching materials forming the basis of a course
in these subjects for upper secondary students, which is still
being utilized and further developed today.

A. Framework of the project

The SwissMAP project was launched with the following
objectives.
• Provide students of the upper secondary with a rela-
tively complete and in-depth understanding of issues
related to cosmology and GR, as well as certain aspects
of modern physics. To achieve this, it was necessary to
create a course, as existing educational resources on
these topics were either basic and geared toward the
general public or primary and early secondary school
students, focusing on qualitative and philosophical
aspects (characterized by the expression “zero equa-
tions”), or at the “expert” level, for students in higher
university cycles.

• Strengthen and broaden students’ knowledge in phys-
ics and mathematics through fascinating and motivat-
ing subjects for them. The goal is not to replace and
strengthen traditionally taught subjects in physics and
mathematics courses but to complement them by
delving into their applications in cosmology.

• Improve the connections between secondary school and
the world of research: students studying, as is tradi-
tionally done, 19th century physics often have biased
ideas about the main issues and approaches of modern
physics. A better awareness of contemporary research
in physics (and thus the study options available to
students after their secondary school diploma) can have
significant implications for young people’s career
orientation choices. The aimwas therefore to contribute
to a general positive impact on the interest in the hard
sciences.

The course is based on educationalmaterial consisting of a
book [56] with eight main chapters, ranging from the
introduction to astrophysics to gravitationalwaves, including
gravitational lensing, black holes, and cosmological equa-
tions, among others. Seven appendixes integrate and deepen
complementary concepts that students may need for a
smooth understanding of the main course, such as the tidal
effect, blackbody radiation, or the tunneling effect. Each
chapter includes a series of related exercises [57] freely

available online—with answer keys reserved exclusively for
teachers.2 It was thereby implemented in the classes starting
from 2016 and, since the start of the 2018 school year, the
course, originally written in French, has been successfully
delivered in at least a tenth of classes in Switzerland
(including Italian- andGerman-speaking students), and other
students in France, Belgium, and Canada (in French), with
continuous feedback and input from students and teachers.
Additionally, many experts in cosmology, GR, and physics
education at the University of Geneva have provided their
remarks and comments, which were considered during the
publication phases in 2018 and its French and Italian (and
English) re-editions in 2024. Improvements and extensions
have been made since 2018 and the exercises created each
year contribute to the existing repertoire. Indeed, questions
that arise based on further deepening a subject or evolving
scientific developments provide opportunities to add new
explanations. This has been the case, for example, with
observations of high-redshift lenses and galaxies by the
James Webb Space Telescope, or with images of super-
massive black holes by the Event Horizon Telescope
collaboration.

B. Swiss school structure and optional courses

In the Swiss secondary education system students
interested in the sciences can choose a specific option
(SO) that may be physics and applications of mathematics
(PAM), corresponding to the “specialization” in their
maturity. All other students follow only 2 years of physics
at a level referred to as “fundamental discipline” (FD),
where they study standard physics based essentially on
concepts discovered by physicists until the 19th century. To
expand the course offerings in the fundamental discipline
of physics, students who had not chosen the specific option
PAM are offered the opportunity to study physics in a
complementary option (CO) course spanning four semes-
ters, based on modern physics, to account for the advance-
ments of the 20th century. The course of cosmology and
GR was integrated into the curriculum for a semester as a
component of this physics CO course.
We emphasize that this CO is not a specialized physics

course, but it is rather a choice offered to the students who,
upon entering the gymnasium, have chosen a specialization
(SO) in disciplines other than physics (languages, arts,
biology-chemistry, economics-law, etc.) and have the
opportunity to complete their curriculum by taking a path
aiming to broaden their education to other fields than their
specialization. The CO course has a weekly allocation
significantly less than the specialized courses, and its
main objective is to improve general scientific knowledge,
more than to provide advanced knowledge. On one hand,
those students possess the basic concepts of physics and

2https://nccr-swissmap.ch/school-teachers-children/general-
relativity
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mathematics from previous FD courses, which are essential
for approaching a subject like cosmology. On the other
hand, they are open to learning new content—different
from that of their specialization—which can influence their
future university choices.

C. Course content

Here, we shortly present the course content covered with
the classes participating in this study, mainly concerning
the first five chapters. A more detailed presentation of the
possible sequences can be found in Ref. [58].

1. From astrophysical introduction
to the accelerated expansion

Given that beginner students have almost no knowledge
of astrophysics, the course begins with an introduction to
the composition and structures of the universe: from the
smallest to the largest distance scales. This panoramic
allows for an initial awareness of the orders of magnitude
involved and key observational elements developed in the
last century and revisited later in the course, such as the
chemical composition of baryonic matter, the homogeneity
of structures at large scales, or observations of the galaxies’
rotation curves and their velocities in clusters. The latter
observations are the basis for the existence of the hypo-
thetical dark matter, composed of particles interacting
gravitationally but not electromagnetically. This initial
chapter provides an opportunity to revisit and develop
various basic concepts, such as Newton’s laws in the
context of circular motion, free fall, and the nature of
gravity—comparing it with electromagnetic interaction. It
also involves estimating orders of magnitude and unit
conversions.
The second chapter covers mostly the elements related to

the kinematics of the universe. After analyzing the differ-
ence between the Doppler effect and cosmological redshift,
and its connection with the conceptual considerations of the
new vision of Einsteinian gravity, the Hubble-Lemaître law
and the concept of the rate of expansion of space are
introduced. Through unit conversions, students formulate
the Hubble-Lemaître law at different distance scales and
notice that, although the expansion velocity can indeed be
largely neglected at human-scale distances, it cannot be
ignored at cosmological scales. Here is, among others, also
an opportunity to focus on one hand on the question of the
limit of the speed of light in a vacuum, i.e., understanding
when this speed is a limit (motion of bodies in the space)
and when it is not (motion of the space itself), and, on the
other hand, on the dimensionality of the Hubble constant
and the concept of characteristic time, by comparing it to
the durations of different phenomena. The observation of
the universe’s expansion in the early 20th century was
crucial for the new vision of the cosmos and was the
starting point for other predictions and observations that
further supported the Big Bang model and the underlying

new vision of gravity. Examples include the cosmic micro-
wave background (CMB) and the chemical abundances of
light elements. This understanding persisted until the end of
the last century when observations of type Ia supernovae
disrupted this coherent view. These observations revealed
the recent acceleration of expansion, leading to the intro-
duction of a hypothetical “dark energy” as its explanation.
This is an opportunity to introduce the idea of the
cosmological constant in modeling the dynamics of the
universe, mentioning its edifying history: initially intro-
duced by Einstein before the observation of expansion (to
make his equations compatible with a static universe), it
was later regretted and then reintroduced at the beginning
of the 21st century to model acceleration. The chapter on
expansion concludes with a summary of the proportions of
the main mass-energy components of the observable
universe. The topics covered in the first two chapters
provide an opportunity to enhance the course with activities
and exercises using images and data from satellite tele-
scopes like Hubble or James Webb (JWST). In these
activities, various cosmological redshifts and distances
can be calculated based on the absorption lines of different
chemical elements (Fig. 1).

2. Basics of general relativity

The first two chapters of the course motivate the
introduction of GR concepts by revealing the need for a
new understanding of gravity in describing the universe. In
Chapter 3 of the course, the characteristics of gravitational
interaction are explored in order to introduce the equiv-
alence principle, the keystone starting point for developing
Einstein’s new vision of inertial motion and of the nature of
space time. The concept of free fall and the definition of

FIG. 1. Students calculate the cosmological redshift of the
source (red in the enlargement) based on the redshift of the
emission lines of chemical elements, deduce whether it is beyond
the Hubble radius, and explain why it can be observed even if the
expansion velocity exceeds the speed of light in a vacuum.
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equilibrium are entirely reconsidered from a broader
perspective than in basic physics courses (“fundamental
discipline”), allowing for a genuine rediscovery of these
concepts by students. The concepts of Gaussian curvature,
total curvature, or geodesics are then explained, always
based on upper secondary mathematics, using examples in
two or three dimensions while ensuring that their original
conceptual scope remains intact. For instance, this includes
analyzing the two-dimensional equivalent of the emblem-
atic case of space curvature and the behavior of geodesics
around a mass and energy concentration with spherical
symmetry (Fig. 2). Students can independently verify,
using a ribbon or tape on a three-dimensional plastic,
the behavior of parallel geodesics on parts of the surface
with positive or negative curvature.

3. Gravitational lensing and black holes

The next two chapters, namely the fourth on gravita-
tional lensing and the fifth on black holes, focus on two
remarkable applications of GR. They constitute the second
part and the highlight of the course. Here, the application of
contents from the previous chapters, as well as physics and
mathematics of the traditional courses, is leveraged to
achieve a conceptual and quantitative understanding of
these topics. Although the mathematics of GR, underlying
these models, are far too advanced to develop a rigorous
approach to these subjects with upper secondary students,
we know that GR is linked to Newtonian mechanics in that
it is a generalization thereof, often adding corrections to the

Newtonian treatment, which we will introduce later,
justifying them qualitatively. For the sake of readability
of this article, which aims primarily to present the research
results, we will not continue the detailed description of the
concepts, applications, and methods deployed in these two
chapters, referring the interested reader to the explanations
in Supplemental Material [59] and Ref. [58].

IV. METHODS

A. Sample and setting

A total of 70 students took the cosmology course as a
semester module in a complementary physics option (CO)
during the academic years 2020–2021 to 2023–2024. This
included four classes of students aged between 18 and
19 years. The courses were taught by the same teacher. In
Table I, details of the enrollments are provided. It is
noteworthy that this course is the only optional physics
course with a gender ratio (number of females: number of
male participants) ≥ 1, while the average for this parameter
across Switzerland is around 0.3, reflecting the same
average in the early years of hard science faculties (physics,
mathematics, computer science, etc.).
To encourage a reliable completion of the questionnaires,

an explanation about the purpose of improving teaching
quality on the basis of the gathered data was provided to the
students at the beginning of the course. A conceptual
Sec. IV C 1) and an affective (Sec. IV C 2) questionnaire
were administered as pre- and post-test and completed by

FIG. 2. The curvature at a point on a surface can be determined in two ways: by comparing the signs of the curvature radii of osculating
circles in the principal directions (left) or by the behavior of parallel geodesics (center). For a mass concentration with spherical
symmetry, the central area has positive curvature and the peripheral area has negative curvature (right).

TABLE I. Sample of the study: 4 cohorts of students who took the semester-long cosmology complementary
option (CO) course between 2020 and 2024. The decrease in the last cohort is due to the fact that the course
enrolment was capped by the school. NF et NM correspond to the respective number of girls and boys. For
comparison, the gender ratioNF=NM is also provided for the specialized physics courses and its average through the
Swiss canton.

School year N NF

NF=NM complementary
option (CO)

NF=NM specialized physics
courses (SO)

NF=NM in the
high school

2020–21 16 8 1.0 0.28 1.3
2021–22 22 12 1.2 0.30 1.3
2022–23 20 12 1.5 0.33 1.2
2023–24 12 6 1.0 0.27 1.2

Total 70 38 1.2 0.30 1.3
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68 and all 70 students, respectively. The conceptual post-
test contributed to the participants’ semester grades.
Each cohort completed the physics CO course over a

total of 2 years (4 semesters). The cosmology course was
one of the four modules included in this course, specifically
scheduled for the first semester of the second year. It was
preceded by a module on radioactivity (first semester of
the first year) and a module covering additional basic
physics concepts (ballistics, solid body mechanics, and
fluids) during the second semester of the first year.
Following the cosmology module, students took a module
on electricity and magnetism and their applications (second
semester of the second year).

B. Design and timeline

Each year, the cosmology course lasted for a semester—
from August to January—comprising 16 lessons of 2 peri-
ods of 45 min each and a final written exam. The first and
last lessons were dedicated to the administration of pre- and
post-tests, respectively, with the aim of assessing the impact
of the course on conceptual knowledge in cosmology
(RQ2) and affective variables (RQ3).
Additionally, semistructured interviews were conducted

following the post-tests, between 3 and 6 months after
the course’s completion, involving 15 students in total.
Each interview lasted around 1 h. They began with
questions about the student’s choices of SO and CO courses
(“Why did you choose these courses?”), followed by
inquiries about their future plans (“What will you study
in the future?”), and continued with questions about their
CO lessons. These interviews have allowed, among other
things, to complement and guide us in the interpretation of
the quantitative results of the conceptual and affective tests,
as well as to receive qualitative feedback from students on
this newly implemented course.

C. Variables and instruments

To assess the dependent variables, the following ques-
tionnaires were created, and the results were analyzed using
standard item analysis [60].

1. Conceptual learning

A questionnaire evaluating the impact of the course
on conceptual knowledge in cosmology (RQ2) was admin-
istered in pre- and post-tests to the participants. This
conceptual questionnaire consists of 14 multiple-choice
questions (MCQ) on the content of the course and had to be
completed by participants in 20 min. Each question has
only one correct answer among five choices, and one point
was assigned for each correct response. In case of an
incorrect answer or no response, no points were assigned.
Since no conceptual questionnaire on cosmology at the
upper secondary level existed, the conceptual questionnaire
was created in 2018 by the authors (in French) and was

subsequently improved in the two following years until its
final form at the beginning of the study. It did not undergo
further changes during the entire study period. The ques-
tionnaire, which is available as Annex document no. 1, was
designed as an instrument to assess general knowledge across
various topics in cosmology,without the intention of creating
multiple subdimensions, each containing several items
evaluating the same concept. In this context, each item
can be considered independent while contributing to a test
that evaluates general knowledge in cosmology. Thus, the
questions assess various concepts, which can be categorized
into three main domains covered during the semester:
• Astrophysical introduction on scales, composition,
and expansion of the universe (Sec. III C 1) corre-
sponding to items 1, 2, 3, 5, 6, 7, 8, 9, 14;

• Gravitational lensing, corresponding to items 4 and 10
(Sec. III C 3);

• Black holes, corresponding to items 11, 12, and 13
(see Supplemental Material [59]).

2. Affective variables

An affective questionnaire was administered in pre- and
post-tests to assess the impact of the course on affective
dependent variables “self-concept,” “interest,” “curiosity
state” regarding the course of the last semester, and the
perception of “relevance of science” (RQ3). This ques-
tionnaire (in French, Annex document no. 2) contains 28
statements, where each student expressed their agreement
on a scale ranging from 1 (strongly disagree) to 6 (strongly
agree). For negated items, the scale was inverted for the
statistical analyses. The instruments were taken [61], in
turn, based on a selection of existing and well-validated
scales (except for relevance for science, RS):
• Interest (IN), adapted from Refs. [62–64];
• Self-concept (SC), adapted from Refs. [62–65];
• Curiosity state (CS) regarding the content of the
physics course, adapted from Refs. [62–64];

• Perceived relevance for science (RS) of the physics
course was an additional variable that we deemed
relevant.

Sample items and instrument characteristics are provided in
Table V.

3. Predictor variables

Three potential predictors related to learner character-
istics were considered:
• Gender;
• Prior physics knowledge, measured as prior grade as
a proxy (phys_grade_pre);

• Curiosity as a personality trait (CT) was measured
in the affective pretest as a predictor, in addition
to the independent variable curiosity state related to
the content of the physics course (CS), using well-
validated instruments is available from prior research
in the field [61] adapted [66,67];
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Additionally, it was tested whether a class (see Table I) had
a significant effect on learning or affective variables.

4. Interviews

A series of 11 interviews were conducted with students
who had taken the CO course of cosmology, as well
as 4 interviews with students who had taken part in the
cosmology course within the framework of their SO
physics. These interviews took place each year from
2020 to 2024, between a few weeks and a few months
following the end of the course.
The choice was made to conduct semistructured inter-

views [68], which allowed the respondents to express
themselves quite freely, adding details to their answers
while staying within the intended framework. Thus, after
gathering some personal information about the inter-
viewed student (gender, chosen school options, academic
results in mathematics and physics), they were questioned
about the reasons for their choice of school options, and
then about their future plans, since these students would
obtain a high school diploma giving them access to
tertiary education. A few questions aimed to make the
student express (and realize) if and to what extent the
cosmology course has allowed them to deepen their
previous knowledge in mathematics and classically taught
physics. Then, the door opened to their interest in science
in general, modern physics in particular, and cosmology.
The students were also asked about the topics covered in
the cosmology course that they liked or disliked, as well as
the quality of the course materials. Some took the
opportunity to talk about the pedagogical qualities of
the teachers, the articulation of the different modules of
the CO physics course, and the particular management
of the cosmology course. When the interview deviated
from the main topics, the student was gently steered back
to the main theme.
The interviews were recorded with the student’s consent,

and the interviewer simultaneously took notes. Once
formatted, these notes are sent to the interviewee for
validation. Out of the 15 interviews, only 2 people pro-
posed modifications, one regarding a factual element and
the other concerning the phrasing of a sentence, while the
others approved the notes as accurately reflecting what they
had said and intended to express.

D. Data analysis

1. Conceptual learning

Psychometric indicators. For the newly developed con-
ceptual learning questionnaire, an item analysis was carried
out according to standard procedures and requirements (see
Ref. [60]), and calculating the following set of instrument
characteristics for both the pre-test and post-test: item
difficulty (P), standard deviation (SD), discrimination
index (D), item-test correlation (rit), and Cronbach’s alpha

if item deleted (α�, as well as α�-α) in order to assess the
impact of each item on the internal consistency of the scale,
indicating whether removing an item would increase or
decrease the overall internal consistency. On the instrument
level the mean score across all items, range, and standard
deviation are reported, as well as Cronbach α as measure of
internal consistency.
Effect sizes are calculated as Cohen d, using the

usual effect-size levels (small (0.2 < d < 0.5), medium
(0.5 ≤ d < 0.8), or large (0.8 ≤ d; [69]). Another reference
value of d ¼ 0.4 is used by Hattie [70] as a “hinge point”
between influences of smaller and larger size.3

Statistical analyses. For each of the 14 items, we
calculated the percentage change in correct answers from
pre-test to post-test, as well as the percentage change in
answers reflecting misconceptions from pre-test to post-test.
A repeated-measures t test with Benjamini-Hochberg

adjustment for multiple testing [71] was conducted to
analyze the pre-post-test changes in the overall score.
Potential predictor effects were tested through an
ANCOVA (see 4.4.3).

2. Affective variables

For the four affective dependent variables (interest (IN),
self-concept (SC), curiosity state (CS), and relevance
for science (RS); see Sec. IV C 2) we calculated the
mean score, range of values, item-test correlation, and
Cronbach’s alpha [72] for both pretest and post-test,
according to standard procedures for multiple-choice ques-
tionnaires (see Ref. [60]); as for learning, pre-post changes
were tested through a repeated measures t test with
Benjamini-Hochberg adjustment for multiple testing
[71]. Cohen’s d was computed for each item and the full
instrument to assess effect sizes. The same set of instrument
characteristics was calculated for the predictor variable
curiosity trait (Sec. IV D 3). Potential predictor effects
were tested through an analysis of covariance (ANCOVA;
see Sec. IV D 3).

3. Predictor effects

An ANCOVA analysis was conducted to test for poten-
tial predictor effects: The analysis was performed for the
variation of (i) learning outcomes, specifically conceptual
understanding, and (ii) affective outcomes (i.e., self-
concept, interest, perceived relevance of science, as well
as curiosity state), with class, gender, curiosity as trait of
personality, and prior physics knowledge as predictors.
Statistical significance was set at p < 0.05. All analyses

were conducted with the R software [73].

3We agree with Hattie [70] that these thresholds are an element
of discussion to be used with circumspection, not a value to be
applied blindly. Lower effect sizes might well be worth consid-
ering, depending on available alternatives, effort, and so on, and
vice versa for higher effect sizes.
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V. RESULTS

A. Conceptual learning (RQ1 and RQ2)

1. Item analysis

Table II gives an overview of the instrument analysis,
including the average values and the standard deviations
calculated on the values of the 14 items, as well as the
ranges of values and the alpha.
As we highlighted in Sec. IV C 1 on methodology, the

conceptual questionnaire was designed as an instrument
to assess general knowledge across various topics in

cosmology, without the intention of creating multiple
sub-dimensions, each containing several items evaluating
the same concept. Thus, each item can be considered
independent while still being part of an overall test
evaluating general knowledge in cosmology. Therefore,
we have no specific expectations regarding the value of the
internal consistency of the test. Furthermore, the alpha
value obtained in the post-test results is close to 0.6 and
significantly higher than the alpha of the pretest. Since this
article aims to address the research questions posed in
Sec. II, we will proceed with the test results in the next

TABLE II. Instrument analysis of the learning pre- and post-test (14 items, N ¼ 68). *Standard deviation is
calculated on the average value of each of the 14 items.

Mean value (SD*) [range of values]

Scale characteristic (SD*) [range of values] PRE POST
Item difficulty P 0.35(0.18) [0.06; 0.60] 0.76(0.15) [0.43; 0.93]
Cohen’s d 2.78
Item discrimination D −0.01 ð0.29Þ ½−0.51; 0.49� 0.44(0.15) [0.18; 0.70]
Item-test correlation rit 0.44 (0.11) [0.14; 0.61] 0.38(0.11) [0.23; 0.53]
Internal consistency α 0.37 0.56

TABLE III. Item analysis of the learning pre- and post-test (14 items, N ¼ 68). Effect size: � ¼ medium; �� ¼ large.

P (SD)
Cohen d

PRE/POST

D rit
ffiffiffiffiffiffiffiffiffiffiffiffiffi

α� − α
p

N Item keywords (translated from French) PRE POST PRE POST PRE POST POST

1 The Big Bang is a state of the primordial
universe

0.10 (0.31) 0.59 (0.50) 1.59** 0.24 0.51 0.26 0.29 −0:017
2 We can observe other galaxies moving away

because…
0.37 (0.49) 0.76 (0.43) 0.82** 0.49 0.35 0.41 0.34 þ0.006

3 Does the universe have a center? 0.21 (0.41) 0.69 (0.47) 1.19** 0.28 0.50 0.39 0.37 þ0.008
4 Two parallel rays of light pass near a star.

Among the following diagrams…
0.60 (0.49) 0.85 (0.36) 0.51* 0.11 0.50 0.16 0.55 þ0.057

5 We call “dark matter” matter … 0.31 (0.47) 0:93 ð0.26Þ 1.33** 0.29 0:18 0.50 0.23 þ0.003
6 A ray of light leaving a galaxy at 700 ly takes

þ=− than700 years …
0.60 (0.49) 0.87 (0.34) 0.54* 0:15 0:28 0.38 0.22 −0:006

7 The “cosmic microwave background” is the
radiation …

0.25 (0.44) 0.91 (0.29) 1.52** −0, 07 0.32 0.34 0.39 þ0.025

8 What is some evidence that the universe was
very hot and dense in the past?

0.44 (0.50) 0.76 (0.43) 0.65* 0.02 0.45 0.35 0.40 þ0.021

9 By “dark energy” we mean … 0.31 (0.47) 0.87 (0.34) 1.20** 0.04 0.50 0.43 0.52 þ0.050
10 An observer aligned with two galaxies can see

an image …
0.43 (0.50) 0.65 (0.48) 0.44* −0.16 0.35 0.28 0.28 −0:016

11 A BH 100 times more massive than the other is
100=10000 times more/less dense.

0.06 (0.24) 0.43 (0.50) 1.55** −0.51 0.70 0.08 0.53 þ0.050

12 The signal emitted by an object in a BH can
reach an external observer …

0.59 (0.50) 0.84 (0.37) 0.50* −0.32 0.38 0.27 0.41 þ0.027

13 Can an isolated black hole in the universe lose
mass?

0.16 (0.37) 0.60 (0.49) 1.19** −0.31 0.74 0.38 0.53 þ0.052

14 What is the best estimate of the age of the
universe?

0.43 (0.50) 0.84 (0.37) 0.83** −0.36 0.35 0.31 0.34 þ0.012

Total 0.35 (0.15) 0.76 (0.16) 2.78**
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section. Focusing on the details of each item in the
questionnaire, Table III presents the characteristic psycho-
metric indices from the item analysis. The English trans-
lations of keywords (originally in French) are also
provided.
The fact that the psychometric parameters of the

pretest do not meet the recommended ranges is unsur-
prising, considering that the majority of responses are
incorrect (indicating “false” for any given response).
Indeed, all parameters become satisfactory to very good
levels in the post-test, and we observe a significant
improvement across all parameters between the pretest
and the post-test.
Moreover, in the pretest, for 10 items out of 15, the

wrong responses were not evenly distributed, and the
greater proportion of responses corresponded to one
incorrect answer, revealing potential misconceptions. For
each of those 10 items, Table IV shows the percentage of
right answers and of answers potentially corresponding to a
misconception in the pre-test and in the post-test.

2. Learning gains

The repeated measures with adjustment for multiple
measurements (Sec. IV D) yielded for the individual items
statistically highly or very highly significant effects with
effect sizes according to Table III. For the overall score, a
statistically highly significant effect with a very high effect
size was found (t ¼ 20.3, p < 0.001; d ¼ 2.78).
ANCOVA analyses were conducted to examine the

effects of class, gender, and prior physics grades on
learning outcomes (see Sec. IV. C. 3). Prior physics grades
significantly influenced the outcome [Fð1; 62Þ ¼ 10.90,
p ¼ 0.002], while class [Fð3; 62Þ ¼ 2.68, p ¼ 0.054] and
gender [Fð1; 62Þ ¼ 3.15, p ¼ 0.081] were not statistically
significant.

B. Affective variables (RQ3)

1. Item analysis

The instruments for four affective dependent variables
interest (IN), self-concept (SC), curiosity state (CS), and

TABLE IV. For 10 items out of 14 of the conceptual learning test, the pre and the post-percent of right answers is indicated in the white
cells, whereas the same percent of answers associated with a potential misconception appears in the last two columns.

N
Item keywords (translated

from French) Right answer

Percent of right
answers

PRE → POST Related misconception

Percent of answers
related to the
misconception
PRE → POST

1 The Big Bang is … a state of the primordial
universe that current
physical theories cannot
describe.

10% → 59% … an explosion… 79% → 25%

2 We can observe other
galaxies …

… moving away more
quickly as their distance is
greater.

37% → 76% … moving away with the same
speed/almost at rest.

46% → 24%

3 Does the universe have a
center?

No. 21% → 69% We don’t know. 60% → 21%

5 We call “dark matter” … matter which does not
interact
electromagnetically.

31% → 93% … particles of antimatter. 37% → 0%

7 The “cosmic microwave
background” is the
radiation …

…emitted in the primordial
universe when neutral
atoms were formed.

25% → 91% … emitted during the formation
of the first galaxies.

37% → 6%

8 What is some evidence that
the universe was very hot
and dense in the past?

The chemical composition
of the universe is currently
about 75% hydrogen and
25% helium.

44% → 76% The measure of the density of
the universe.

31% → 21%

9 By “dark energy” we mean
…

… the energy at the origin of
the change in volume of
empty space.

31% → 87% … the energy of the dark matter. 41% → 3%

11 A BH 100 times more
massive than the other is

10 000 times less dense. 6% → 43% … the same/100=10 000 times
denser.

71% → 25%

13 Can an isolated black hole in
the universe lose mass?

Yes, if its temperature is high
enough.

16% → 60% We don’t know. 46% → 10%

14 What is the best estimate of
the age of the universe?

About 15 billion years. 44% → 84% About 150 billion years. 34% → 9%
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relevance for science (RS) concerning the CO module
followed the last semester, plus the covariate curiosity as a
trait of the personality (CT), were analyzed according to
standard procedures and requirements [60,74,75]. For each
variable, the analysis of the instrument, including the total
mean values and the range of values of the characteristic
quantities, is shown in Table V. We observe that all test
properties are within the recommended ranges, attaining
satisfactory to good values. The values of the pre-post
Cohen’s d are given as well for each affective output.

2. Affective variables gain

We observe an increase in the averages for curiosity
state [tð69Þ ¼ 3.34, p ¼ 0.001, d ¼ 0.46] and self-concept

[tð69Þ ¼ 1.72, p ¼ 0.090, d ¼ 0.26], as well as for
interest [however not statistically significant, tð69Þ ¼
1.41, p > 0.05, d ¼ 0.17]; no change for perceived rele-
vance of science was found [tð69Þ ¼ 0.05, p > 0.05,
d ¼ 0.01].

C. ANCOVA analysis

As for learning, ANCOVA analyses were conducted to
examine the effects of gender, class (Table I), prior physics
grade, and curiosity trait (CT) on the variation of learning
and affective outcomes (i.e. values post-values pre, see
Sec. IV C). No significant effects were found for any of the
outcomes. Table VI reports the F and p values for all
variables.

TABLE V. Instrument analysis (all 6-level items 1 ¼ completely disagree, 6 ¼ completely agree; N ¼ 70) of the four affective
outcome variables (interest (IN), self-concept (SC), curiosity state (CS) and relevance for science (RS) for pre and post data, and of the
predictor variable curiosity trait (CT): number of items K, mean, item-test correlation rit, Cronbach’s α; for the mean and rit the standard
deviation SD and the [range of values] is given. Additionally, Cohen’s d for the pre/post comparison is reported (* indicates a small
positive effect).

Variable and example of item (translated from
French)

Scale characteristics
(SD, range) PRE POST

Interest (K ¼ 5) IN3: I liked the physics class. Mean 3.94 (0.82) [2.70; 4.56] 4.08(.92) [2.97; 4.80]
rit 0.66 (0.05) [0.59; 0.72] 0.73(.01) [0.72; 0.75]
α 0.65 0.77

Cohen’s d þ0.17
Curiosity state (K ¼ 5) CS4: The course
aroused my curiosity about the topics
covered.

Mean 3.93 (1.02) [3.74; 4.20] 4.40(.98) [4.00; 4.87]
rit 0.80 (0.05) [0.75; 0.88] 0.84(.08) [0.72; 0.91]
α 0.87 0.89

Cohen’s d þ0.46*
Self-concept (K ¼ 5) SC2: My classmates
thought I am good at physics.

Mean 3.76 (0.99) [3.27; 4.30] 4.02(1.04) [3.53; 4.43]
rit 0.80 (0.04) [0.74; 0.84] 0.80(.06) [0.73; 0.88]
α 0.85 0.86

Cohen’s d þ0.26*
Perceived relevance of science (K ¼ 8) RS2:
Everyone should study the topics covered in
the course.

Mean 3.67 (0.88) [3.04; 4.47] 3.68 (0.89) [2.60; 3.84]
rit 0.66 (0.09) [0.47; 0.75] 0.65(.07) [0.52; 0.74]
α 0.81 0.80

Cohen’s d þ0.01
Curiosity trait (K ¼ 5, as predictor) CT1: I find
it fascinating to learn new things.

Mean 5.03 (0.48) [4.53; 5.61] � � �
rit 0.78 (0.07) [0.69; 0.87] � � �
α 0.82 � � �

TABLE VI. The F and p-values of the ANCOVA analysis for the impact of predictors on the pre-post variation of
the outcomes.

Outcome post—outcome pre Gender Class Prior physics grade Curiosity trait

Curiosity state F ¼ 0.09 F ¼ 2.03 F ¼ 0.12 F ¼ 0.84
p ¼ 0.76 p ¼ 0.12 p ¼ 0.73 p ¼ 0.36

Self-concept F ¼ 1.95 F ¼ 2.13 F ¼ 2.28 F ¼ 0.04
p ¼ 0.17 p ¼ 0.11 p ¼ 0.14 p ¼ 0.84

Interest F ¼ 0.87 F ¼ 2.75 F ¼ 0.08 F ¼ 2.71
p ¼ 0.35 p ¼ 0.05 p ¼ 0.77 p ¼ 0.10

Relevance science F ¼ 2.17 F ¼ 0.27 F ¼ 1.08 F ¼ 1.04
p ¼ 0.15 p ¼ 0.85 p ¼ 0.30 p ¼ 0.31

Conceptual learning F ¼ 0.88 F ¼ 0.49 F ¼ 0.09 F ¼ 0.36
p ¼ 0.35 p ¼ 0.69 p ¼ 0.77 p ¼ 0.55
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VI. DISCUSSION

A. Effects on learning (RQ1 and RQ2)

1. Conceptual understanding

The results from Sec. V A, namely the item and the
instrument analysis of Tables II and Table III, supple-
mented by the interviews, allow us to positively address
RQ1 and RQ2. In Table III, we observe a significant
increase in the rate of correct answers for each item, with
effect sizes ranging from medium to large (Cohen’s d
between 0.4 and 1.6), as well as an overall Cohen’s d
of 2.8, indicating a remarkable overall effect. Observing the
results of individual items, we can establish the following
findings:
• The course’s effect is likely strengthened by the low
level of prior knowledge on these topics, which is
evident from the small difficulty index (p < 0.5) for
all items except for a couple, whose p value in the
post-test is around 0.6: item 4 (on lensing) and item 12
(on black holes). Indeed, the items for which the effect
size is “only” medium, show a relatively high p value
already in the pretest: this concerns item 4, item 8
(on the expansion’s observational proofs), item 10
(on lensing), and item 12: all have a ppre > 0.4.
Nonetheless, the rate of correct answers after the
course is eventually close to the average of the test
(ppostaverage ¼ 0.87, for item 10) or higher (items 4, 8,
and 12).

• Item 5 (on dark matter) and 7 (on the nature of CMB)
have a post p > 0.9, which reduces their discrimina-
tion coefficient D (to 0.18 and 0.38, respectively).
However, the high p value indicates the success of the
instruction for those concepts. In particular, the D
value of item 5 is good in the pretest, where the
relative p value is within the allowed ranges.

• We observe the very low p value of item 11 in the
pretest. This reflects the conceptual difficulty in
understanding that the density of a black hole is not
necessarily high, and, on the contrary, for a super-
massive black hole, it can be comparable to that of
water or ordinary gas (see Supplemental Material [59]).
However, after instruction, the p-value increases to
approximately 40%.

2. Misconceptions

Beyond the simple analysis of binary results (right or
wrong), in the pretest, for 10 items out of 15, the wrong
responses were not evenly distributed, and indeed, the
greater proportion of responses corresponded to one
incorrect answer, revealing potential misconceptions. For
each of those 10 items, Table IV shows that all the potential
misconceptions present in the pretest are overtaken by the
correct answers in the post-test. However, for certain
questions, the answer corresponding to the misconception
remains the second most common. In some cases, the

misconceptions have been completely removed. In particu-
lar, after the instruction:
• only 6% (compared to 24% in the pretest) of the
students think that the observed speed of distant
galaxies is about zero (item 2), static universe;

• no student claims that dark matter is composed of
antimatter particles (item 5);

• only 6% of the students (compared to 37% in the
pretest) think that the CMB was emitted during the
formation of the first galaxies (item 7);

• only 3% of the students (compared to 40% in the
pretest) think that dark energy is the energy associated
with dark matter;

• less than 10% (compared to one-third in the pretest)
think that the universe is 150 billion years old.

Note that for item 11, when grouping the pretest
responses indicating that the density of a black hole
100 times more massive remains the same (answer C) or
increases (whether by 100 or 10 000 times, corresponding
to D and E), we obtain 85% of responses. This percentage
drops to 34% in the post-test, showing a strong reduction in
the misconception that “a black hole is always very dense
regardless of its mass.” Similarly, grouping together the
responses indicating that the density of a black hole
100 times more massive is less dense (whether it is 100
or 10 000 times, i.e., responses A and B), they pass from
15% in the pretest to 67% in the post-test. This means that,
although 24% of students answered incorrectly in the post-
test to this question by choosing response A (100 times
less dense and not the correct answer of 10 000 times), the
misconception is eliminated for this group of students
as well.

B. Effects on affective outcomes (RQ3)

Table V provides an answer to RQ3: it shows that all four
affective dependent variables increased between the pretest
and post-test, and for two of them, this increase was
significant, with small to medium effect sizes: curiosity
state (Cohen’s d ¼ 0.5) and self-concept in relation to the
course (Cohen’s d ¼ 0.3). These quantitative findings are
in line with the reasons discussed in Sec. II B likely to lead
to a positive effect on the selected affective variables. We
complement the discussion with some qualitative evidence
that provides further insight from the semiguided inter-
views (Sec. IV C 4).
First, student responses confirmed astronomy and astro-

physics as “candidate topics” of high interest for young
people. For example, one student remarked, “I watch a lot
of videos, I find cosmology and modern physics very
fascinating.” Several other students also mentioned that
they had already watched videos, read about topics like
black holes and cosmic expansion, or explored these
subjects in other ways, while recognizing that the level
remained superficial compared to what was covered in
the course. One student expressed satisfaction in having
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discussed in class the topic of supermassive black holes
with an example that was featured in the news (the M87
black hole by the EHT, see Supplemental Material [59]):
“The course came at a very good time because the day after
we covered the subject, we saw photos of the black hole in
the center of our galaxy in the newspapers and were able to
study it.” Moreover, the interviewed students unanimously
appreciated the well-organized structure and the quality of
the documents and materials (book and exercise sets), see,
e.g., the following statements: “The book is incredible,
excellent, it has everything in it”; “the documents were very
precise and very well explained, the book is very well done,
the files with summaries helped a lot”; “It was the most
interesting course of the year, I loved it, I suggest that it
always be integrated into the physics course.” This indi-
cates that beyond the positive effect measured on learning,
the level and structure are well adapted to the upper
secondary school, answering both RQ1 and RQ2.
Student feedback furthermore indicated a nuanced inter-

action between curiosity (CS) and interest (IN). In general,
it is understandable that an in-depth treatment (relative to
the students’ level) of certain content may not automatically
increase interest in this content (overall interest level being
relatively high, around 4 on a scale of 1 to 6). This can be
explained as curious students (i.e., those “eager to learn
new things”) who are satisfied with their learning on a
given subject prefer to learn new content related to what
they have already studied, rather than dwelling on content
they feel they have sufficiently covered for their level. For
example, one student explained: “I think that curiosity grew
because the subject is truly interesting, and there’s so much
we don’t yet know. But interest might decrease a bit
because once you know the basics, the course inevitably
gets more technical with math and physics. As for me, I like
astronomy, but I wouldn’t go further.” This potential
dissociation of curiosity (for the topic) and interest (for
learning in the course) is relevant for teaching practice,
where one has to take additional measures in order to
maintain sustained interest in learning.
Perceived relevance of science (RS) was relatively high

in the sample (3.7 on a scale of 1 to 6), yet this variable
showed no statistically significant increase, and the inter-
views confirm this result. We can nevertheless notice that,
even if the course did not significantly change the students’
view of scientific research, it can help students to better
understand how research is conducted, the uncertain nature
of scientific knowledge, and the usefulness of applying
concepts learned in basic courses (accelerated or circular
motion, inertia, free fall, the Doppler effect,…): “I thought
Newtonian mechanics was insufficient for calculating, for
example, the Schwarzschild radius. I discovered that
Newtonian mechanics can actually provide good approx-
imations for more complex results”; “As for Newton’s laws
and waves, I can explain them now, and I feel more
confident about these topics.”

A related observation is about students making con-
nections and apply the concepts learned in the context of
other disciplines, such as philosophy, realizing the interest
of supporting certain philosophical concepts with data and
quantitative observations within the framework of a scien-
tific approach: “It’s actually the more philosophical side
that is highlighted, thanks to the quantitative data, but also
to my personal investigations.”
Overall, the students were very impressed by the scope

of how much remains unexplainable in our universe,
and some comments also testified to the impressions of
“wonder” and “awe” mentioned in Sec. II B: “I had never
realized how many things we don’t know: so many things
that are still unknown to us!”; “Understanding that we are
nothing compared to the universe, realizing that we are a
tiny part of what surrounds us, was very striking to me”;
“This allowed me to understand the notion of time and the
limits of the physics of our world”; “I didn’t think the
temperature of the universe was that low. Our intuition is
distorted by our senses and our daily experience.”

VII. CONCLUSIONS

This study demonstrates that an effective cosmology
course can be delivered at the upper secondary level
(RQ1) and highlights the significant potential for improving
the knowledge of the students on these topics (RQ2).
Furthermore, such a course leverages increased interest in
these subjects to enhance students’ curiosity and possibly
their self-concept (RQ3), encouraging upper secondary
students—both girls and boys in a balanced manner—to
theworld of modern physics research, which remains largely
distant from the secondary school environment.
The following comment is in order: the project presented

here aims at a coherent teaching-learning sequence of
cosmology and general relativity, consistently maintaining
a level accessible at high school. This does not mean,
however, that the levels of abstraction and expertise required
for these two topics are actually equal or even similar; in fact,
insights in cosmology (e.g., Hubble expansion) can be
motivated using high school calculus and (pseudo-)
Newtonian mechanics, but this is not the case for general
relativity.

A. Perspectives

The complementary option course in this study was
successful and, in the coming years, a sufficient number of
students have enrolled for the annual version of the course
(comprising two-semester modules instead of one). Starting
in the Fall of 2024, this optional course will also be offered
in Italian at the Liceo of Lugano (Canton of Ticino), and the
English translation will soon be available for a wider offer.
In this context, the cosmology course materials used in this
study are continuously updated, and improvements to
the questionnaires (conceptual, affective, and interviews)
are underway to continue evaluating their impact on the
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affective variables and understanding of upper secondary
students. Specifically, the conceptual questionnaire will
include questions on GR concepts as well. Concerning the
affective variables, the participation of classes from differ-
ent teachers and schools is planned to distinguish the
positive effects of the course from those arising from the
context.

B. Creating new material

This course remains a challenge from the science
education point of view, achievable only if appropriate
educational materials, such as those described in Sec. III,
are available and easily handled by teachers. The develop-
ment and updating of the course materials for this study
were made possible through extensive work (equivalent to
50% of a teacher’s workload over several years plus 10%
for the follow-up), involving continuous contact with both
the research and teaching communities. Additionally,
specific continuous professional education courses for
teachers are necessary (see Sec. VII C below), in order
to support the newly developed teaching approaches and
materials exchange with and implementation in the high
school physics teaching community.
It is worth emphasizing that this effort cannot be consid-

ered part of the ordinary responsibilities of secondary school
teachers, which typically involve selecting or adapting
sequences or activities from existing materials and referring
to predefined curricula and objectives. The specifications of a
teacher do not include creating curricula (drawing up which
subjects to cover in which year, at what level, and, to some
extent, in what order) or writing textbooks. This is evident in
the traditionally taught subjects (mechanics, electromagnet-
ism, thermodynamics, optics, etc.), for which predefined
programs and materials exist.
For new content, where no sequence, reference level,

program, or material exists, all of these elements must be
created. This task is delicate, as the final work must serve as
a foundation for teachers’ responsibilities and requires a
specific form of triple expertise: (i) a deep understanding of
the school environment (teachers and students); (ii) famili-
arity with research challenges in the new domain being
taught (discipline research), and (iii) awareness of educa-
tional challenges at the target level (educational research).
Therefore, creating a complete course on a new subject

area is a mission in itself and requires full institutional
support.

C. Supporting the introduction
of modern physics in schools

Furthermore, for this type of course to be truly offered
and taught in classes, teachers must reasonably:
• Master the educational material;
• Feel comfortable conveying content to students that is
inherently uncertain or incomplete.

Those two conditions constitute major obstacles to their
engagement in teaching cosmology and, more generally,
modern physics. Although we hope to have addressed here
a milestone concerning the lack of adequate materials on
cosmology, these two constraints remain nontrivial to meet.
While the second point is inherent to the nature of science
(NOS) and may be the most valuable and fascinating aspect
of teaching and studying these subjects at the frontier of
knowledge, the first one is primarily a matter of insufficient
resources available to support teachers. Indeed, instructors
must possess a deeper understanding of the subject they
teach than the level of knowledge they are expected to pass
on to learners. To this end, the initial training process—
aimed at enhancing the instructor’s own knowledge,
particularly regarding current research topics—represents
a significant additional workload.
In this context, we recommend the following:
1. Modern physics topics should be integrated into the

curricula, and the offer of complementary optional
courses should be available at the upper secon-
dary level.

2. Professional development courses and adjustments
such as workload reduction hours should be provided
for teachers to support their readiness and encourage
their engagement in teaching these subjects.

We hope this study has demonstrated the benefits and
relevance of introducing cosmology at the upper secon-
dary level.

A. G., A. M.: Conceptualization; A. G., F. S.: Formal
analysis; A. G., A. M., L. W.: Investigation; A. G., A. M.,
F. S.: Methodology; A. G., A. M.: Project administration;
A. M.: Supervision; A. G., A. M., with contribution by
L.W., F. S.: Writing.
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